Overall photocatalytic water splitting can proceed through a four-electron or two-electron/twostep pathway. However, it is challenging to manipulate the two-or four-electron pathway. Here, we present that a nitrogen, sulfur, transition metal-codoped carbon based nanostructure, which exhibits reliable photocatalytic ability and satisfactory photostability in water splitting without a need of sacrificial agents. Note that in present system, the transition metal doped structure (M = 2 Cr, Cd, Fe, Zn) as a photocatalyst splits water into H2 and O2 through a two-electron pathway while rare earth (Re) elements (M = Re = Sm, Ce, Eu, Pr, Er) doped one as photocatalysts via a four-electron pathway and carbon dots herein work as an electron acceptor and a reduction cocatalyst.
INTRODUCTION
Harvesting solar energy for the production of hydrogen from water is an ultimate clean and renewable energy strategy for the global environmental issues and the energy crisis. [1] [2] [3] [4] The design and fabrication of high-efficiency, stable and low-cost photocatalysts are key issues for the water splitting. In general, water splitting is an endothermic process, which demands the energy that equal or greater than enthalpy change (ΔH) required for the decomposition of water into hydrogen and oxygen. [5] [6] [7] Overall water splitting, which directly decompose water into H2
and O2, is an ultimate method for production of H2. However, even intense efforts have been devoted to the design and fabrication of photocatalysis for overall water splitting, big challenges are still remained: (i) few complete photocatalytic water splitting systems are explored compared to photocatalysts for hydrogen production with sacrificial agents and cocatalysts; (ii) few currently reported photocatalysts show considerable stability; (iii) a large overpotential for like compounds are an intensely aromatic macrocyclic structure, which have long been examined as catalysts for redox reactions. 36, 37 Motivated by the photoelectric and catalytic activities of Pc, we further expect to combine Pc species with CDs as a way to design and construct carbon based photocatalysts for overall water splitting.
Herein, we present nitrogen, sulfur, transition metal elements-codoped carbon nanostructures prepared by a pyrolysis method. The products are carbon nanostructure based on CDs and Pc structures, namely, what we call "multi-doped carbon based nanostructure" [(SMPc)n/CDs].
Note that, here, transition metal coordination structure is denoted as [(SMPc)n/CDs, M = Cr, Cd, Fe, Zn] and nitrogen, sulfur, rare earth (Re) elements-codoped carbon based nanostructure [rare earth oxide compounds structure as [(SMPc)n/CDs, M = Re = Sm, Ce, Eu, Pr, Er]]. As photocatalysts, they exhibit efficient photocatalytic ability and good photostability for overall water splitting without sacrificial agents. In present system, the (SMPc)n/CDs (M = Cr, Cd, Fe, Zn) composite splits water into H2 and O2 through a two-electron pathway, while overall photocatalytic water splitting over (SMPc)n/CDs (M = Re = Sm, Ce, Eu, Pr, Er) photocatalysts is a four-electron pathway. Moreover, CDs herein work as an electron acceptor and a reduction cocatalyst. 
EXPERIMENTAL SECTION Materials

Synthesis of CDs and (SMPc)n/CDs
CDs were synthesized by an electrochemical etching method with graphite rods as carbon source reported by our group previously. 38 The obtained brown CDs solution with a uniform size in range of 5-10 nm is frozen drying to get the fluffy CDs powder. After that, 50 mg CDs powder was added in 100 mL ultrapure water to form a solution of 0.5 g/L. (SMPc)n/CDs was fabricated by a modified method reported by Frank and co-workers previously. 39 Briefly, 18 mmol (1.13 g) urea, 1.9 mmol metal chloride, 0.28 mmol (0.063 g) PMDA, and 0.02 g (NH4)2MoO4·4H2O were added to a crucible and mixed well. Then the mixture was heated to molten state by an alcohol burner. Afterwards, 0.5 g 4-sulfophthalic anhydride was quickly put into the crucible under vigorous stirring until the mixture appeared dramatic expansion. Subsequently, 4 mL CDs were injected dropwise into the crucible. At last, the mixture was maintained at 250 °C for 90 min in 6 muffle furnace. Finally, a fluffy solid was obtained, and it was thoroughly washed with diluted hydrochloric acid and distilled water several times to remove solid oxides that may form and other impurities. Then, the obtained samples were dried in a vacuum oven at 60 °C for 12 h. The (SMPc)n was synthesized under the same conditions without CDs. Under the real condition of the reaction, the prepared (SMPc)n (M = Cr, Cd, Fe, Zn) was a transition metal coordination structure, 40 and the (SMPc)n (M = Sm, Ce, Eu, Pr, Er) was a complex of metal-free phthalocyanine and rare earth oxide.
41,42
Photocatalytic activity test
The photocatalytic reactions were conducted in a Pyrex glass photoreactor with a flat window at the top for illumination connected to a closed gas-circulation system. 80 mg catalyst powder was dispersed in 100 mL ultrapure water, and then the system was completely degassed to remove air through a vacuuming procedure. Under ambient conditions and constant stirring, the suspension was irradiated by AM 1.5G solar simulator (MICROSOLAR 300, Beijing Perfectlight Co. Ltd, China). For evolved gas detection, an online GC-7900 gas chromatograph set up with a thermal conductivity detector (TCD) and 5 Å molecular sieve columns was employed. The oven, injection port and detector temperatures of gas chromatograph were held at 80, 100, and 120 °C, respectively. Argon (Ar) was used as carrier gas with the flow rate of 30 mL/min. To check the reproducibility and stability of catalysts, the suspension after reaction was centrifuged and reused for repeated tests. measurements to determine the reduction sites (or oxidation sites).
Determination of reduction sites and oxidation sites
Characterizations
Scanning electron microscopy (SEM) and energy dispersive X-ray spectroscopy (EDS) measurements were carried out using a FEI-quanta 200 scanning electron microscope with an accelerating voltage of 20 kV. Transmission electron microscopy (TEM) and High-resolution TEM (HRTEM) images were taken on a FEI-Tecnai F20 transmission electron microscope with an accelerating voltage of 200 kV. The TEM samples were prepared through dropping the solution onto a copper grid with polyvinyl supporting film and dried in air. The X-ray diffraction spectra (XRD) measurements were performed on an X-ray diffractometer (Empyrean, Holland Panalytical) with nickel-filtered Cu Kα (λ = 0.154178 nm) radiation as the X-ray source. Fourier transform infrared spectra (FTIR) were obtained with a Nicolet 6700 spectrometer using a standard KBr pellet technique in the scan range of 400-4000 cm -1 . X-ray photoelectron spectra (XPS) were carried out using a KRATOS Axis ultra-DLD X-ray photoelectron spectrometer with a monochromatised Mg Kα X-ray source (hν = 1283.3 eV). The UV-vis spectra were obtained via a Lambda 750 (Perkin Elmer) spectrophotometer in the wavelength range of 200-800 nm.
Electrochemical Characterization
The cyclic voltammetry (CV), linear sweep voltammograms (LSV), current-time (i-t) curves and electron transfer number (n) experiments were carried out in a standard three- HRTEM image of (SSmPc)n/CDs is shown in Figure 1d with an interplanar spacing of 0.32 nm, assigning to the (002) plane of graphitic carbon. These results confirmed that the CDs were successfully loaded onto the obtained carbon nanostructures.
The optical properties of the as-prepared samples were investigated by UV-vis absorption spectra (Figure 1e ). It can be clearly observed that both (SCrPc)n/CDs (blue trace) and (SSmPc)n/CDs (red trace) possess stronger and wider visible light absorption bands compared with CDs (black trace), which only have absorption peak from 230-280 nm ascribed to various π-π* and n-π* transitions. 47 Moreover, the enhanced light absorption is helpful for improving the capacity of photocatalytic overall water splitting. Fourier transform infrared (FTIR) spectra were employed to characterize the surface functional groups of (SMPc)n/CDs. As shown in Figure 1f , the FTIR spectrum of CDs (black trace) demonstrates CDs prepared in our work possess ample functional groups. The peak around 1630 cm -1 corresponds to the stretching vibrations of C=C/C=O bonds. 48, 49 The absorption bands at 3400 cm -1 and 1050 cm -1 are assigned to C-OH and C-O-C, respectively, which confirms the existence of carboxyl groups (-COOH). 49 For (SCrPc)n/CDs (blue trace) and (SCrPc)n/CDs (red trace), both the characteristic peaks of CDs were also observed, indicating the existence of CDs in the complex photocatalysts. The bands in the region of 1640-1630 cm -1 arise from the stretching vibrations of C=N bonds, 48 while the weak peaks at 1200-1600 cm -1 region correspond to the characteristic absorption of the typical aromatic CN heterocycles. 50 The crystalline structure of the as-prepared samples have been further confirmed by XRD ( Figure S5 and S6). The XRD pattern of CDs shows a prominent peak at 26° referring to the amorphous carbon 38, 51 . In the XRD patterns of (SMPc)n/CDs, the broad peaks at about 27° correspond to amorphous carbon, and no extra characteristic peaks were detected. These results indicate that the as-prepared (SMPc)n/CDs are amorphous carbon structure. and adsorbed water, respectively. 49 The high resolution Cr 2p spectrum of (SCrPc)n/CDs shown in Figure 2e suggested Cr 2p 1/2 and Cr 2p 3/2 peaks located at 586.7 and 576.6 eV, respectively, which can be assigned to chromic oxide. 54, 55 In Figure S7b , the full XPS survey spectrum of (SSmPc)n/CDs shows the C 1s, N 1s, O 1s, S 2p and Sm 3d peaks. The high resolution C 1s XPS spectrum of (SSmPc)n/CDs is shown in Figure 3a , which represent four main peaks located at about 284.6, 285.5, 286.4 and 288.8 eV, corresponding to C-C sp 2 and sp 3 hybridized components, C-N/C-OH and N-C=N/C=O, respectively. 56, 57 Deconvolution of the high-resolution N 1s XPS spectra of (SSmPc)n/CDs in Figure 3b indicates three prominent peaks at 398.7, 399.9 and 401.1eV, attributed to C-N-C, pyridine and urotropine-type nitrogen, respectively. 50, 58 The three peaks that can be distinguished in the XPS O 1s spectrum of (SSmPc)n/CDs are shown in Figure 3c . The three resolved peaks of O 1s core level spectrum at about 530.2, 531.8 and 533.7 eV are assigned to lattice oxygen, surface hydroxyl groups, and adsorbed water, respectively. 59 The high resolution Sm 3d spectrum of (SSmPc)n/CDs ( Figure   3d ) shows two bands at binding energies of 1084.5 and 1111.5 eV, which are attributed to the 3d 5/2 and 3d 3/2 ionization of Sm 3+ , respectively, indicating that Sm species may be existed in the form of Sm2O3. 60 These results demonstrate that the structure of (SCrPc)n/CDs is different from that of the (SSmPc)n/CDs (as illustrated in Figure S8 ). Table 1 . Figure 4b shows band structure diagram of (SCrPc)n/CDs, in which the conduction band (CB) and valence band (VB) of the photocatalyst straddled the reduction and oxidation potentials of water with +0 and +1.78 V (and +1.23 V) vs. reversible hydrogen electrode (RHE), respectively, thus photocatalytic water splitting into H2 and O2/H2O2 using (SCrPc)n/CDs as a photocatalyst can be achieved in theory. In the following experiments, the performance of photocatalytic water splitting under sunlight irradiation using (SMPc)n/CDs carbon nanostructures as photocatalysts was investigated without any sacrificial agent or cocatalyst. Figure 5a describes the photocatalytic activity of (SCrPc)n/CDs for water splitting. The H2 and O2 in a molar ratio of H2/O2 is 2.17 were detected by gas chromatograph in the experimental period. The H2 and O2 evolution rates (0.46 μmol/h and 0.21 μmol/h, respectively) remained almost unchanged for 24 h on course. For the (SSmPc)n/CDs as photocatalyst (Figure 5c ), both H2 and O2 are produced simultaneously with a H2/O2 ratio close to 2.0 (H2 evolution rate of 1.04 μmol/h and O2 evolution rate of 0.53 μmol/h). Table 1 presents photocatalytic activities of all the (SMPc)n/CDs for water splitting. It can be seen that part of (SMPc)n/CDs (M = Sm, Ce) have shown higher catalytic activity than that of (SMPc)n/CDs (M = Cr, Cd, Fe, Zn), which may result from the orbital hybridization of 4f
electrons that able to inhibit the combination of photo-excited electrons and holes and enlarge the light adsorption. 63 Good stability is one of the important factors for the practical applications of photocatalysts in overall water splitting. Figure 5b and d confirm stable photocatalytic activities of (SCrPc)n/CDs and (SSmPc)n/CDs as photocatalysts under optimum reaction conditions. After the first cycle (24 h), H2 could still be collected with nine more cycles. The average H2 gas evolution rates for (SCrPc)n/CDs and (SSmPc)n/CDs are 0.43 μmol/h and 1.01 μmol/h, respectively. The slight reduction of the H2 evolution activity may probably attribute to the loss of photocatalysts in the filtration processes.
A series of control experiments were also performed. First, the control experiments were carried out under different conditions: (1) in the presence of (SMPc)n/CDs but under dark and (2) with full range irradiation (UV + visible light) but in the absence of the (SMPc)n/CDs. The results demonstrated that no H2 was detected. Then, we further compared the photocatalytic abilities of (SMPc)n/CDs with different atomic percent. In the preparation process of (SMPc)n/CDs, we only adjusted the amount of urea and CDs with other conditions unchanged. Table S1 and S2 shows the relationship between the rate of H2 evolution and the volume of CDs (0, 4, 8 mL, the concentration of CDs was 0.5 g/L) over (SMPc)n/CDs in the case of the mass of the urea was 0.56 g, 1.13 g and 1.69 g, respectively. It can be found that the (SCrPc)n/CDs and (SSmPc)n/CDs did not exhibit obvious performance of photocatalytic hydrogen production regardless of the amount of CDs when the mass of urea was 0.56 g or 1.69 g, which may be due to the fact that the (SMPc)n structure (Pc structure) did not form in the reaction process. On the other hand, even though the mass of urea was 1.13 g, the obtained (SMPc)n/CDs carbon nanostructure as a photocatalyst have barely photocatalytic water splitting properties when the amount of CDs was 0 mL. With the increase of the volume of CDs (8 mL, the urea was 1.13 g), the photocatalytic activity of (SMPc)n/CDs gradually decreased [0.27 μmol/h for (SMPc)n/CDs, 0.86 μmol/h for (SSmPc)n/CDs], owing to the fact that the excess CDs suppressed the formation of the (SMPc)n/CDs carbon nanostructures. The maximum H2 evolution was obtained when the injected CDs was 4 mL. These results indicate the CDs and (SMPc)n both play vital roles in overall water splitting. Significantly, the best overall water splitting was achieved under the conditions of using 1.13 g urea and 4 mL CDs simultaneously. It turned out that the N, S, and metal concentrations exhibit a synergistic effect on the photocatalytic activity of the (SMPc)n/CDs system. For the sake of understanding photocatalytic water splitting over (SMPc)n/CDs via two-electron or four-electron pathway, the following experiments were carried out. where Idisk is the disk current density, Iring is the ring current density and N is the RRDE collection efficiency. N refers to the fraction of the H2O2 formed at the disk that was collected at the ring 64 and it was experimentally determined to be 0.24. The n was calculated to be 1.88 for (SCrPc)n/CDs, and 3.43 for (SSmPc)n/CDs. The n for (SMPc)n/CDs is shown in Table 1 . We can conclude that (SMPc)n/CDs (M = Cr, Cd, Fe, Zn) photocatalysts split water into H2 and O2 through a two-electron pathway (H2O→H2+H2O2; H2O2→H2O+O2). While the (SMPc)n/CDs (M = Re = Sm, Ce, Eu, Pr, Er) for overall photocatalytic water splitting is a four-electron pathway The i-t curves of as-prepared (SMPc)n/CDs under dark and light, respectively, (Figure 6c and d) were carried out to further study the photocatalytic activity in the process of water splitting. It turned out that the photocatalytic activity of (SMPc)n/CDs maintained at a high level and there was no apparent catalyst deactivation phenomenon. The curves of (SMPc)n/CDs show periodical current oscillation that may result from the generation, adsorption, desorption, and diffusion of H2, O2 and H2O2 in the water. . Figure 7c and d shows O2 evolution originates from H2O2 (5 mM, 100 mL) decomposition versus time curve using (SMPc)n/CDs as catalysts under dark. As shown in Figure 7c , the O2 evolution rate over (SCrPc)n/CDs catalyst was about 24.2 µmol/h. Figure 7d shows O2 evolution from H2O2 (5 mM) decomposition versus time curve using (SSmPc)n/CDs catalysts, which demonstrated that the O2 evolution rate over (SCrPc)n/CDs photocatalyst was about 9.6 µmol/h (< 24.2 µmol/h). According to the acquired results, when using (SCrPc)n/CDs for photocatalytic water splitting, the H2O2 in the reaction solution could be detected by UV-vis absorption spectra (Figure 7a and b, black trace). It can be inferred that the (SCrPc)n/CDs photocatalysts can split water into H2 and H2O2, and then the H2O2 can further decompose into O2 and H2O with the aid of the (SCrPc)n/CDs catalysts. Moreover, the second step (H2O2→H2O+O2) is a rate-controlled step, which claims the catalysts possess a strong catalytic ability for H2O2 decomposition ( Figure   7c ). Consequently, the (SCrPc)n/CDs as a photocatalyst splits water into H2 and O2 through a two-electron two-step pathway (H2O→H2+H2O2; H2O2→H2O+O2). For (SSmPc)n/CDs, we assume that it also can split water into H2 and H2O2 via a two-electron pathway. However, the H2O2 in the reaction solution cannot be detected based on UV-vis spectral data (Figure 7a and b, blue trace), which indicate either the generated H2O2 subsequently decomposed completely by the (SSmPc)n/CDs catalysts or no H2O2 was produced. Taking into account results of band positions measured in Figure 4 and the number of electron transferred drawn from Figure 6 , one can believe the latter is plausible. In other words, the (SSmPc)n/CDs as photocatalysts should split water into H2 and O2 through a four-electron pathway (H2O→H2+O2). HRTEM image in Figure 8b shows interplanner spacing of 0.35 nm, which corresponds to the (110) planes of PbO2. 68 And clear lattice spacing of 0.28 nm in Figure 8d corresponds to the (111) planes of PbO2. 69 It suggests the distribution of oxidation reaction sites on catalyst surface (away from CDs).
By combining all the analysis results, the main mechanisms were proposed towards the overall water splitting with (SMPc)n/CDs as a photocatalyst, as shown in Figure S12 . When (SMPc)n/CDs was illuminated by light with its energy greater than the Eg of the photocatalyst, the photoexcited electrons and holes over the photocatalyst were quickly formed. After that, the transfer of the electrons to the surface of CDs and holes to the surface of (SMPc)n/CDs carbon nanostructure rapidly occurs. Simultaneously, the photogenerated electrons reduce H + , which is adsorbed on CDs surfaces, into H2, and the holes are responsible for the oxidation from H2O to H2O2 or O2. 9, 70 Then H2O2 was decomposed into O2 and H2O quickly. Additional studies devoted to increasing the rate of H2 and O2 production and the corresponding mechanisms are underway in our laboratory. 
CONCLUSIONS
We present that a nitrogen, sulfur, transition metal-codoped carbon based nanostructure [(SMPc)n/CDs, M = Cr, Cd, Fe, Zn, Sm, Ce, Eu, Pr, Er] by a facile pyrolysis method exhibits efficient photocatalytic ability and photostability for overall water splitting without sacrificial agents. Among them, the CDs in (SMPc)n/CDs nanostructure play important roles for photocatalytic water splitting, which not only improve charge seperation but more importantly provide active reduction reaction sites. Furthermore, overall photocatalytic water splitting has 28 been achieved on both photocatalysts but they have different reaction pathway. The (SMPc)n/CDs (M = Cr, Cd, Fe, Zn) splits water into H2 and O2 through a two-electron pathway, while (SMPc)n/CDs (M = Re = Sm, Ce, Eu, Pr, Er) photocatalyst is via a four-electron pathway.
The current photocatalytic efficiency is not satisfactory, but can be improved by optimising the interface between a photocatalyst and CDs which is underway. In total, this discovery provides a regulatory method for the process of complete photocatalytic water splitting and a new possibility for the development of non-noble-metal photocatalytic systems for overall water splitting.
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